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Abstract 


Theory, technologies, applications, and current R&D status of the 
wireless power transfer (WPT) will be presented. The talk will cover 
both the far-field WPT via radio waves, especially beam-type and 
ubiguitous-type WPT, and energy harvesting from broadcasting waves. 
The research of the WPT was started from the far-field WPT via radio 
waves, in particular the microwaves in 1960s. In recent years this 
became a hot topic again due to the rapid growth of wireless devices. 
Theory and technologies of antenna and circuits will be presented in 
case of beam-type and ubiquitous-type WPT. The industrial applications 
and current R&D status of the WPT via radio waves will be also 
presented. 


Index Terms: Wireless Power Transfer, Microwave Power Transmission, 
Energy Harvesting, Rectenna, Phased Array, 
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Microwave Power Transmission Field Experiment in Kyoto Univ. 
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Power Transmission In Space 
By Microwaves To Be Tested 


The world’s first experiment to transmit energy or power via 


microwaves from a solar power plant orbiting the Earth to the ground 
will be conducted Thursday, according to a team of researchers. 

The researchers from Kyoto University, Kobe University and 
the Posts and Telecommunication Ministry decided to try using 
the microwaves because they are suitable for the transmission 
of energy from space because the waves can travel through rain 
and clouds without being absorbed. Microwaves are radia 
waves whose wavelengths fall between one centimeter and 10 
centimeters. These waves are used in microwave ovens. 

The Thursday experiment will be conducted with the com- 
pact S-520 rocket of the Institute of Space and Astronautical 
Science. The rocket will divide into two unita—a receiver and 
transmitter—at an altitude of 270 kilometers. The parent rock- 
et will be loaded with a 830-kilowatt power transmitter 
cguipped with a wave direction controller, while the smaller 
rocket will carry a receiver. 

During Thursday's experiment, the influence the microwaves 
have on the ionosphere will also be monitored to check the ef- 
fecta the transmission from space would have on the cammuni- 
cation and broadcasting systems on Earth. 
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Island-Island MPT (150km)in Hawaii 
2008 by Kobe Univ., NASA 


MPT to helicopter MPT rocket exp. SHARP Airplane exp. 
By W. Brown 1964, 1968 1983 by Kyoto Univ., ISAS 1987@Canada 





Overview of 
Wireless Power Transfer 
via Radio Waves 
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Utilization of Radio Waves 





Information, Broadcast : 

Information added (modulated) on carrier 
(radio waves) (Information from transmitter) 
Radar (Remote Sensing) : 

Information (amplitude, phase, etc.) reflected 
from target on carrier (Information from target) 
Heating : 

Energy conversion from radio waves to heat 
Power Transfer : 

Energy conversion from radio waves to electricity 
(Frequency conversion only form GHz(MHz) to AC/DC) 
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Inductive Coupling WPT 


WPT Theory 


Ampere s law : 
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WPT via Radio Waves = 





Electromagnetic Wave 
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Maxwell's Equations Raidowave Power (Electric Power) 





1864 Prediction of Radio Waves by establishment of 
Maxwell's Equation based on Ampere’s law and 
Faraday’s law. (Radio waves was found in 1888 by 
Hertz’s experiment) 


Brief History of WPT 


Around 1900 Tesla carried out WPT experiment of 
both inductive WPT and WPT via radio wave (150kHz), 
-> faired 

1960s W. Brown carried out beam-type WPT via 
microwave (2.45GHz) -> succeeded 


1980s Commercial Products of inductive WPT (Shaver, 
IC card..) 


1990s 1) RF-ID, 2) RF WPT toward Solar Power Satellite 
in Japan 

2006 MIT group proposed resonance coupling WPT 
(revised inductive coupling) 


2010s Various WPT — Standardization of inductive 
WPT, wireless charger for EV, energy harvesting from 
broadcasting waves, ubiquitous RF-WPT... 
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Various Wireless Power Transfer via Radio Waves 


(a) Beam-type (b)Ubiguitous-type (Low efficiency, like RF-ID) 
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Power Density of TV/Mobile Phone in Nara, Japan 
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Kitazawa, S., et al., “Field Test Results of RF Energy Harvesting from 
Cellular Base Station”, Proc. of GSMM2013 15 


Kanazawa Inst. Tech., “The 500MHz band low power rectenna 
for DTV in the Tok o area”, Proc. of WPTc2016 
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Wireless-Powered ZigBee in Same Frequency Band 


Transmitting 
antenna 









Recelving 
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Ichihara, T, et al., “Study and Development of an Intermittent Microwave Power Transmission System for a ZigBee 
Device”, Proc. of 2014 IEEE Wireless Power Transfer Conference (WPTc2014), 2014, pp.40-43 1/ 





Ubiquitous Power Source (UPS) 


Weak point of ubiquitous network Transmitting System 
society is a power source. Te 


We propose a wireless power source with 
microwave power transmission (MPT). In 
most advanced system, we bring only a 
receiving system, rectenna instead of heav 
battery. At first step, we try to charge a 
battery via microwave power. 
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Shinohara, N., et al., “Study on Ubiquitous Power Source with Microwave Power Transmission”, Proc. of 
International Union of Radio Science (URSI) General Assembly 2005, C07.5(01145).pdf, 2005 18 


Demonstration of WPT-powered Sensors with Drone 
5.8GHz, 8.74W from 8x8 array (21dBi) 
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Flight Path Data 
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Victim 
(with Rectenna- 
Vital Sensor Card) 


E 


| Maximum Search Distance (TBD) km 
sat de tanda 6.1mW Received at 2 rectennas (10.2dBi) 


Applications : Rescue of victims, WPT-powered sensors at volcano, 
Inspection of infrastructures (Bridges, Tunnels..) 
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by WiPoT, Kyoto Univ., Mini-Surveyor Consortium, Autonomous Control Systems Laboratory Ltd. 19 


Commercial Products of WPT via Radio Waves 


* Japanese Company (Dengyo)of Battery-less Sensor i 
ua Hz-Ba ang) http://www.den-gyo.com/solution/solution10 b.html 
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e Venture Companies of Wireless Charger of Smart Phone Si | = 
* ‘Cota’ by Ossia inc. (WiFi-Band) http:/Awww.ossiainc.com/ 


KDDI (Big 3 Carrier 
in Japan) supports 
Ossia 





* Wattup' by Energous corp. (2.45GHz and 5.8GHz Band) 
http://www.energous.com/ 
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How Cota Works With Obstruction by Ossia 





Unlike radio waves that pass through a human body, Ossia’s Cota 
technology considers our bodies to be obstructions and therefore 


power signals avoid them. 


Transmitter 


Pin off walls 


Kan IS 


Obstructions Stay Safe 
If an obstruction (humans, pets, 
plants, etc.) is between the 
receiver and the transmitter, the 
reflections of the beacon signal 
pulses (off of the walls/furniture) 
will naturally find their way to the 
transmitter. 





Pulse Playback 


In turn, the transmitter sends pulses that 
mimic (playback) each incoming beacon 
signal characteristics with opposite phase. 
The outgoing pulses will have the exact 
shape and take the same path of each 
incoming beacon signal, using the same 
reflections and creating a power signal that 
is focused only on the receiver while 
inherently avoiding obstructions. 


Transmitter 
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Silicon Valley's Rumor (2016) 


e iPhoneB will install chip of Wireless Charging via Radio 
Wave by Energous 


“With an Energous transmitter in your office, your phone 
will constantly be charging even while it's in your pocket as 
you sit at your desk and work.” 





https://www.bloomberg.com/news/articles/2016-01-29/apple-said-developing-wireless-charged-phone-for- 
as-soon-as-201 /-ijZ3i4si 
http://www.phonearena.com/news/Upcoming-iPhone-8-could-feature-wireless-charging-unlike-anything- 
weve-seen-yet id87639 2 


MPT to Flying Drone (Airplane) 


SHARP Experiment MILAX Airplane Experiment 
(Japan, 1992) 








Canada, 1987 
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Mechanical Beam Control dustry-co., ISAS in Japan 
with Parabolic Antenna Electrical Beam Control with Phased Array 
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1GW Solar Power Station 
2kmo Solar Cells 

2kmo Microwave Antenna 
< 10,000 ton weight 






36,000km 
Wireless Power 
Transmission 

via Microwave 
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Energy Availability Factor 
Ground PV 
:< 15% (Night, Rain...) 
Space PV (SPS) 
: >90% (No Night in 36,000km Orbit, 
No Rain by Microwave Propagation) 
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Developed by Mistubishi Electric Corp., Supported by MET I 
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MPT Experiment on Feb. 2015 
Thin-High Efficiency pee array with GaN MMIC 
2.5cm thickness phased array 


GaN MMIC Amplifiers 
5.8GHz, 1.8kW 
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Developed by Mistubishi Electric Corp. (Phased Array), IHI Aerospace (Rectenna Array), Supported by METI 





i 
É 
i 
| 
z 
så 


Eis = 


Theory and technology of 
WPT via Radio Waves 
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Efficiency of Wireless Power Transfer via Radio Waves 
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Rectenna — Rectifying Antenna — 
Radio Wave -> DC Power Converter 





Output DC 
Filter To Load 


with — 
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Brown&JPL Rectenna Rectenna by Hokkaido Univ. Rectenna byTexas A&M Univ. , Rectenna by Intel co. 
(2.45GHz) 1970-75 (2.45GHz) 1984 (35GHz) 1992 (674 - 680 MHz) 2009 
Rectenna 
Caia € by Kyoto Univ. 
“a BAe (5.8GHz) 2001 DENfevo. 
A e ES Rectenna 
E NN 
ARE ESN byDENSO co. > 
a TN q (21GHz) 1997 Commercial Rectenna by DENGYO co. (2.45GHz) 2011 29 





RF-DC Conversion Efficiency 


Frequency Characteristics of Efficiency of Rectenna 
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How do we increase the RF-DC conversion 


efficiency at energy harvesting? 


To increase the peak RF-DC conversion efficiency 
1) With low mRC diode 


RF-DC conversion 


efficiency 
2) High voltage at diode (almost breakdown) 
3) Higher harmonics combination (like class-F amplifier). 
Oh AA A A oi a a e a A A A A O 
100% 8 ef E == Higher Order 
a | | ao = Harmonics Effect 
V, Effect 
Vpr Effect 


Diode Maximum 
Efficiency Curve 


“rectenna” 


E ja “detector” a region 
| region nee 
/ | -V 
| Ver Vy 


(10-30V) | (0.2-0.3V) rt 
or Connected Load 





31 


T.- W. Yoo and K. Chang, “Theoretical and Experimental Development of 10 and 35 GHz Rectennas”, IEEE Trans. MTT, Vol.40, No.6, 1992, pp.1259- 1266 


How to increase efficiency of rectenna 


Choose theoretically 100% circuit 
Reduce number of diode which is loss factor 


— Recommend single shunt rectifier 
Choose diode with Low wRC diode 


Design circuit with higher harmonics combination 
(like class-F amplifier) 


Suppress higher harmonics re-radiation 

Match impedance at input and output 

To add high voltage (almost breakdown) 
(Additionally) consider combination of antenna 
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Advanced Rectenna 
e Wide Band 


— Frequency 
— Load 


— Power -> especially low power 


RF-DC conversion 
efficiency 
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Example of Modulated Wave Input Power 33 


(OFDM) for Harvesting or Connected Load 


Expansion of optimum input, load, frequency, etc. 
¢ Broadband Impedance Matching (CTTC, Spain, 2016) 


P = 10 dBm, R, =3K 


Matching | 
Network | 





RF-dc conversion efficiency (96) 











200 400 600 800 1000 1200 


Fig.1. Broadband rectifier based on a non-uniform s> 
= Frequency (MHz) 


transmission line. a) circuit diagram. b) fabricated prototype. 
Fig_ 5. Measured and simulated efficiency of the rectifier prototype. 


RECTIFIER OPTIMIZATION PARAMETERS, P= -20 dBm 
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Ferran Bolos, et al. (CT TC), “A UHF Rectifier with One Octave Bandwidth 
Based On a Non-Uniform Transmission Line”. Proc. of IMS2016 34 
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Broadband F-class Load Rectenna by Kyoto Univ. 
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Advanced Rectenna 
e Wide Band 


— Frequency 
— Load 


— Power -> especially low power 


RF-DC conversion 
efficiency 


A 
OZ Pee o add A, am re ee ee 
poe Higher Order 
Harmonics Effect 







“ Diode Maximum 


Je | Vpr Effect 
Efficiency Curve 800MHz 





Example of Modulated Wave Input Power 
(OFDM) for Harvesting pr Connected Load 36 


Self-powered DCM Buck- boost Gonverter 


Supply the power for oscillators 


in] A / 

h AA ZA - 

wH N A N 
F 
E 











Rectenna 








High-frequency Low-frequency 
oscillator oscillator 





Operating waveform 
Driving voltage of control circuit ( Vi > Vin) 


Vin © l-type (High-power); Vout + 0-type (Low-power) SE pe 
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input resistance Rin: independent of input voltage and load — [Luz 
resistance; decided by inductance, frequency and duty-on 
If: L =220 uH f, =20kHz D,=0.5 Then: Rin = 35 M 


Yong Huang, Naoki Shinohara, and Tomohiko Mitani, “A Constant Efficiency of Rectifying Circuit 
in an Extremely Wide Load Range”, IEEE-Trans. MTT, Vol. 62, No.4, pp.986-993, 2014 3/ 


Experiment on Self-powered RF-DC-DC Circuit 
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Advanced Rectenna 
e Wide Band 


— Frequency 
— Load 
— Power -> especially low power 


RF-DC conversion 
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Expansion of optimum input, load, frequency, etc. 





e Active Impedance Matching (MIT, 2015) 
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Fig. L Four-way TLRCN with quaner-wave impedance transformation stage. 
Each pair of transmission line lengths can be expressed in terms of a base 
line length plus and minus a deha length. The rectifiers are represented here 
as resistors with equal (but varying) value Hz. 





Fig. 4. Photograph of the prototype 2.45-GHz TLRON and rectifiers. 
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Fig 3 Theoretical (dashed) and measured (solid) input resistance and 
reactance to the two-stage TLRCN when it is erminaled with resistive loads. 
The phase of the input impedance remains within about 4 degrees over the 
entire 18-170 £) operating range. 


SWR. 


Plhciency (075) 


I 
w i | = 
es + [ 
| 
aioe er EE 





20 25 30 
Input power per rectifier (dBm) 


Fig. 6. Efficiency of a single rectifier (dashed), and four rectifiers plus 
ihe TLECN (solid), including losses due to impedance mismatch The 
measured SWE is also shown. Including the TLRICN substantially improves 


“Transmission Line Resistance Compression Networks the impedance match over the entire input power range. 
for Microwave Rectifiers” Taylor W. Barton et al., MIT, USA 40 


Selective Matching Circuit by Kagoshima Univ. 
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Divider 


— Measured Maximum Efficiency 
-- Simulated Maximum Efficiency 
— High mput rectifier Efficiency 





| Fig 3. Proposed rectifier operation on high-input power level 
Input Power [dBm] 


Fig 11. Rectifier efficiency versus input power 
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Consideration of Diode 


e Zero Bias Diode -> Low Efficiency (Bad diode parameter?) 
¢ Self-biased and Self-synchronous Rectifier (Univ. of Cantabria) 
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Fig. 5. Measured profiles with input power for the a) efficiency, b) 


Fig 4 a) Class E rectifier schematic and 6b) implementation at 900 | E 
| the output and the Pas voltage. 


MHz. 
An E-pHEMT Self-biased and Self-synchronous Class E Rectifier 
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Low Power Rectenna - How to add high voltage at diode 
e Charge Pump -> High Voltage but Low Efficiency 


e Output Filter Matching (Kyoto Univ. etc., Japan) 
- 50% (0 1mW, 5.8GHz (2004) 





e Standing Wave by Reflection 
(Okayama Univ., Japan, 2004) 





e Rectifying Circuit with Resonator 
(Tohoku Univ. (2006), Toyama Univ. (201 
- 40% @ 100uW, 900MHz 





e High Impedance Circuit and Antenna 
(Kanazawa Inst. Tech. (2016), Japan) 
- 40% @ 100uW, 900MHz 





Introduction of Activities of WPT 
| in IEEE 
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Our Dream : Wireless Power Society 
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